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The stoichiomclric omplex formed bctwccn porcine /?-trypsin and the MormAicu cfturunriu, Linn. Cucurhifucc~e trypsin inhibitor-A (MCTI-A) 
was crystallized and its X-ray crystal structure determined using molecular rcplacemcnt melhod. The primary scrluencc and topology of the inhibitor 
wus delcrmined by rceognizing the clcxxron density and rcfincd to a final R value of 0.167 (7.0-l .6 A) with RMS dcvialion of bond lengths from 
standard values 0.012 A. The scqucnce was compared with those obtained by other groups and was found to be similar to the squash protcinase 
inhibitor. Its spatial structure and the conformation of its primary binding scgmcnt from Cys-31 (P3) to Glu-71 (P3’) which contains the rcactivc 
scissilc bond Arg-51 C-Ile-61 N were also very similar with other squash family protcinase inhibitors. 
hfomrdiro c/I~INI.N~I~~~~, Linn. lrypsin inhibitor-A; Trypsin; Complex; Crystallography sequencing; Active site gcomctry 
1. INTRODUCTION 
There are many plant proteinase inhibitors which 
play important roles in the piant’s life [l-4]. X-Ray 
crystallography provides a unique methcd to obtain a 
detailed description of the spatial structure and interac- 
tions between proteinase and inhibitor. 
Three trypsin inhibitors (MCTI-A, -6, 42) were 
purified from Bitter Gourd seeds (~Vornork~z 
ckaruntia, Linn. Cucurbirucece). Among them MCTI-A 
is very resistant to heat or acid denaturation and ex- 
hibits strong inhibition towards trypsin (Ki= I .7 x lo-‘” 
M). The amino acid compostition, primary sequence 
and the disulfide topology were unknown at the start of 
this study. We have determined its primary and spatial 
structure by X-ray crystallography. Comparison of our 
results with those of other groups shows that MCTI-A 
is a member of squash family inhibitors [4-g]. We report 
the structure determination of the complex of this inhib- 
itor with porcinep-trypsin [lO,ll]. The final coordinates 
will be deposited at the Protein Data Bank, Brookhaven 
National Laboratory. 
2. MATERIALS AND METHODS 
MCTI-A inhibitor was isolated and purified from the seeds of Bitter 
Gourd (Guangzhou Seeds Co., China) (Qian, R., personal com- 
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munication). Porcine@trypsin was provided by Shanghai Institute of 
Biochemistry. Academia Sinica. MCTI-A and porcine&trypsin wcrc 
dissolved in 0.01 M HAc-NaAc bulkr (pH 4.3) at a ratio of 1:5.4 
(w/w). lotal protein concentration was 2% (w/v). Crystals were ob- 
tained using ‘hanging drop’ vapour diffusion technique. Precipitant 
solution was 0.2 M sodium phosphate buffer containing 35% satura- 
lion NaCI. pi-i G.O-7.0. The reservoir solution was the same as the 
precipitant enc. but NaCl was 85% saturation. Trigonal crystals of 
space group P3221 were obtained al 24°C within about one week; the 
cell constants arc u=O=62.65 A.c=I24.31 A. a=p=90°. y=120”. The 
crystal contains one complex molecule per asymmetric unit and 
diffracts to almost I .4 A. 
X-Ray inlcnsity data were collecled with sevcrdl direrent Jeleclors. 
They were further processed and merged by means of the PROTEIN 
program package [I21 (see Table I). 
The rotalion of the trypsin component was dctcrmined by fast 
rotation function program FROT [13] using the relined bovine /3- 
trypsin model [14], The positioning ofthc trypsin molecule in the unit 
cell [I51 was achicved by a tr;lnslation function search method with 
programs written by E.E. Lattmann [I61 (modified by J. Deiscnhofcr 
and R. Hub@. 
Different residues of porcine ,0-trypsin from bovine p-trypsin [IO] 
and the inhibitor model were built intoelcctron density using program 
TOM/FRODO [ l7.l8]. The complex model was ret’incd with the en- 
ergy restraint crystallographic refincmcnt procedures in program 
XPLOR Tl9.201. After the crvstallofiraphic R value had dromxd to 
0.26, gro;p and’restraint B vaiucs were ietined on 7.0-l .6 A rcsdlution 
data. Solvent molecules were inserted at stcreochcmically rcasonablc 
poshions where the difference lectron density exceeded 3~. Finally. 
!he individual atomic B values were also refined. The final R value 
(defined as R = 4 lF,l-lF,l I/Z/r’:ol) for 31.697 unique reflections within 
7.0-1.6 A resolution is 0.167. The final refinement characteristics are 
given in Table II. 
3. RESULTS 
ThP W.-i I ,,C r*,ms:y S,,HI.*“_ ” ~.-n.n*ne- nf Ml-TI,A ,uecz ,-btmvn;nr.d ..a_. . . a . ...” __._.......-- 
from the electron density maps. It has 28 amino acid 
residues and from its topology it is clear that MCTI-A 
143 
Volume 297, number I.2 FEBS LETTEIES February 1992 
Table I 
Rellcciion dats 
SC1 Rcsolurion 
A 
Equipment Rcllcctions 
mcasurcd 
Rcflcctions 
obscrvcd 
(rD2a) (unique) 
Observed/ 
Possible 
(%) 
1 2.70 Rikagu AFC-SR dirructomctur 9,346 7084 8G 7.5 
2 1.78 Hubcr rotation camera 32.439 1940s 70 6.9 
3 1.BO UCSD Mark-II urea detector 
Total 1.60 
223,007 
R “wry = rlf,-cr>l/ri, 
is a member of squash proteinase inhibitor family [4-91 
(see Fig. I). There are 5 amino residues whose assign- 
ments are uncertain (RI, S2, Tl 1, I419 and A24) be- 
cause ofweak and irregular side chain electron density. 
We place these residues according to the lengths of the 
side chain electron density at 1~ contour level. It is 
impossible to distinguish between Asp and Asn, Glu 
and Gin, Val and Thr, because they have the same side 
chain shape. We define these amino residues according 
to the homologies with other known squash inhibitors 
P-91. 
After finishing our work we noticed the results ob- 
tained by Saburo Hara et al. on three proteinase inhib- 
itors from Bitter Gourd [5]. Compared with their results 
we Found that our MCTl-A is very similar to their 
MCTI-II. Three out of Four different residues of our 
results are of shorter side chains than theirs and all 
differences occur where thL;re is some doubt in assign- 
ment of the side chain electron density. These dif- 
ferences may be caused by different sources of proteins, 
or by errors in analysis. Chemical analysis of our 
sample is in progress. 
Porcine ,&trypsin differs From bovine /I-trypsin in 39 
residues. These residues can be fitted to electron density 
with the exception of the Arg-I 25, which is disordered. 
Residue 27 of porcine trypsin appears to be Ile and not 
Val [lo]. 
In the Fourier map the inhibitor’s primary binding 
Table II 
Final model parameters of the MCTI-A-porcine p-trypsin structure 
Number of active protein atoms 1,917 
Number of active solvent atoms 136 
RMS standard deviation from target values 
Bond Ienplhs 0.012 A 
Bond angles 2.6O 
Torsion angles Z&5” 
Improper 1.1 A 
Resolution range 7.0-1.6 A 
Number of unique reflections used for refinement 3 1,697 
R vaiur 3.167’ 
Eslimatcd mciln coordinate error from A value ac- 
cording to Luzzati [3l] 0.18 A 
‘Without omitting reflection duta. 
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segment 3I(P3’)-8I(P3) is clear and the atoms have low 
B values. Whole inhibitor shows continuous electron 
density although it is weak at Arg-II position, the N- 
terminus. There are three strong fixed solvent molecules 
of low B values, namely 24W, BSW, 72W, and these can 
be considered as integral constituents of the inhibitor 
structure. The trypsin chain can be completely traced 
from its C-terminus to its N-terminus, but with several 
side chain atoms being undefined (all involved in crystal 
contacts). The calcium ion is at almost the same posi- 
tion as Found by others [22]. 
Our inhibitor model is similar in structure to the in- 
hibitor from pumpkin seeds Cmwbiru rmsinzu (CMTI- 
1) determined by W. Bode et al. [23]. Fig. 2 shows the 
Ccc drawing of the complex, with the projection direc- 
tion close to that shown in 1231. The inhibitor roughly 
exhibits the shape of a flat-iron, with the base plate 
made up of the polypeptide chain from Met-81 on. and 
the grip Formed by the protruding reactive site loop 
containing the scissile peptide bond Arg-51 C-lie-61 N. 
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Fig. I. Primary sequence and disullidc topology of MCTI-A. (A) 
Primary sequence and disulfide topology of MCTI-A. (B) Primary 
sequence comparison between MCTI-A and olher trypsin inhibitors 
of squash family. MCT 1-A = Motmmficu charurtric~~, Lhn. inhibitor 
A; MCTI-I = Momordicu chara~r~icu Urrrr. inhibitor I; MCTI-II = 
Idw~tdi~u rhmrim, tint. inhibiior : :: Cwz-: = Czm;bi:o ‘mm- 
imu trypsin inhibitor II; CPTI-I1 = CmrrDiro pepo trypsin inhibitor 
11; MRTI-I = Momordico rqwm trypsin inhibitor I: EETI-I = Mo- 
mmku dmrium trypsin inhibitor II; CSTI-IV = Cucutrtis sarirn 
trypsin inhibitor IV. 
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Fig. 2. Ca drawing of the complex formed between porcine P-trypsin 
and MCTI-A (highlighted by ribbon diagram), 
The inhibitor has no regular secondary structure, except 
a type-11 tight turn at 171-201 and a type I’ tight turn 
at 231-261. One residue (Ala-181) at the type-11 turn 
shows the conformation outside the allowed region of 
50 - ry [24], with tp=39.7”, 1/1=-12G.9°. 
Fig. 3 shows the hydrogen bond scheme of the inhib- 
itor. The hydrogen bond between Arg-1 I 0 and Cys-31 
N observed in [23] was not observed in our results. 
Because of the high temperature factors of the side 
chain atoms of Arg-11, the hydrogen bonds between 
them and the core of the inhibitor reported by W. Bode 
are not confirmed by our result. There are 5 pairs of 
intermolecular main chain-main chain hydrogen bonds 
between the inhibitor and trypsin. As observed in other 
trypsin- inhibitor complexes [22,23,25], these hydrogen 
bonds are between Cys-31 (P3) and Gly-216, between 
Arg-51 (Pl) and Ser-214, Gly-193, Ser-195, between 
Trp-71 and Phe-41. The complete structure of the inhib- 
itor is illustrated in Fig. 4. 
The side chain of Pl-residue Arg-51 is accommodated 
in the Sl-pocket of trypsin with almost identical 
geometry to that reported in [22,23,25]. The distal gua- 
nidyl group is engaged in pairs of hydrogen bonds with 
Ser-190 OG, Asp-189 OD, and OD1, and its NE atom 
in hydrogen bonds with solvent 58W OW, which is 
further hydrogen bonded to Gin- 192 OE, and Cys-310. 
The conformation of the contacting area of the inhibitor 
and trypsin is the same as that observed by others 
[22,23,25], especially the P3’-P3 segment of the inhibitor 
and the S3’-53 of the trypsin. Tile WivIS deviation of 
equivalent atoms of MCTI-A and Mung bean inhibitor 
lysine fragment [25] from 31 to 71 is 0.31 A, but from 
residue 81 onwards the 2 folds are different. The scissile 
-a._ *._* ,. : * .._*. , :r.-... . * .- 
Fig. 3. Schematic rcprcscntation of the polypcptidc arrangement of 
MCTI-A and i[s disulfidc conncctivitics. Inter-main chain hydrogen 
bonds displaycd by dashed lines were sclccted according to XPLOK 
[20]. 
peptide bond Arg-51 C-He-61 N is normal, and no dis- 
tortion about the planarity is observed. The distance 
between Ser-195 OG and Arg-51 is 2.57 A [22,23]. 
4. DlSCUSSION 
This structure analysis shows that it is possible to 
sequence an unknown protein by X-ray crystallog- 
Fig. 4. Complete structure of MCTI-A. No solvent molecules arc 
shown. 
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mphy. The high resolution of our reflection data and 
the tight binding between the inhibitor and trypsin were 
important in the success of this project. The result 
shows that is is easy to determine a porcine&trypsin’s 
structure based on bovine ,&trypsin using molecular 
replacement method, though there are 39 different 
residues between them. Comparison of our MCTI-A 
sequence and MCTI-II obtained by Saburo Hara et al. 
[5] shows that these two inhibitors may be the same, 
since they have almost the same sequence. 
In spite of the small size of this inhibitor, the interac- 
tion pattern is almost he same as that observed in other 
related complexes. There is considerable similarity in 
structure to Cucurbita Maxima inhibitor, CMTI-I, an- 
other member of the squash trypsin inhibitor family, 
though it is a residue shorter than CMTI-I. Like other 
squash inhibitors, MCTI-A contains a high amount of 
Cys amino residues (>20%). As observed in other high 
Cys content inhibitors such as Mung bean inhibitor 
[3,25], MCTI-A lacks any regular secondary structure. 
MCTI-A has the disulfide connectivities where the first 
three cysteine residues are covalently linked with the last 
three in consecutive order. These make an important 
contribution to stability of this inhibitor. The inhibition 
site Arg-51 between 2pairs of disulfide bridges: Cys-SI- 
Cys-201 and Cys-IOI-Cys-221, at the second site beside 
the first disulfide pair. Those residues from Cys-31 to 
Cys-101, Cys-201-Cys-221 and Tao pairs of disulfide 
bridges can be thought of as a 12-14 amino acid residue 
ring, like those observed in Birman-Birk type inhibitors 
[3,25]. Since the relative disorder of the N-terminus, 
Arg-11, the hypothesis uggested by W. Bode that the 
salt bridge of the Arg-11 side chain with the carboxy- 
terminus existing in CMTI-I promotes tability, was not 
supported by our results [23]. 
MCTI-A is suitable for synthetic studies because of 
its small size and strong trypsin inhibition. In our labo- 
ratory, the complex of trypsin and Mung bean inhibitor, 
a kind of Birman-Birk type inhibitor and its Lys active 
fragment have been studied [25]. Several small peptides 
consisting of a fragment of Mung bean inhibitor have 
been synthesized in our group. They show relatively 
weak inhibition of trypsin compared with the natural 
inhibitor. The crystals of trypsin and these synthesized 
peptides have been obtained. Combined with MCTI-A 
structure, the results should extend our understanding 
of trypsin-inhibitor complexes. 
REFERENCES 
III 
PI 
[31 
[41 
fz; 
[71 
PI 
191 
[W 
[I 11 
Ryan. CA. (1981) in: The Biochemistry or Plants. vol. 6. pp. 
351-369. Academic Press. New York. 
Chi, C. it al. (1982) in: Proteins in Biology and Medicine (Ralph, 
B., Chih. L. and Robert, H. cds.) pp. 341-362. Acadrmic Press, 
New York. 
Chang. H., Chi. C. ct al. (1979) Scientia Sinica, I’ol. Xxii no. :2, 
1443-1454. 
Dung, t., Dominique, N. and Bertrand, C. (1989) Int. J. Peptide 
Protein Res. 34, 492-497. 
Saburo Ham ct al. (1959) J, Biochcm, 105, 55-92. 
Polanowski, A. ct al. (1980) Acta Biochim. Polon. 27, 371-382. 
Wimorck, M. et al. (1985) Biochcm. Biophys, Res. Commun. 
126,646-1X3. 
Otlewski, J. ct al. (1987) Biol. Chcm. HoppcmScylcr 369, l505- 
1507. 
Siemion. I.Z., Wilusz. T. and Polunowski, A. (1984) Mol. Cell. 
Biochcm. 60. l59-IGI. 
Hcrmodson, M.A., Ericsson, L.H.. Ncwzath, Ii. and Walsh, 
K.A. (1973) Biochcmistly 12, 3146. 
Sweet, R., Wright, H., Janin, J., Chothia, C. and Blow, D.M. 
(1974) Biochemistry, 13, 42124228. 
[I21 Steigcman. W. (1974) Ph,D. Thesis, TU MUnchen, 
[I31 Crowthcr, R. (1972) in: The Molecular Rcplaccment Method. 
vol. IO (Rossmann, M.G. cd,). Gordon and Breach, New York. 
[I41 Bode, W. and Schwager, P, (1975) J. Mol. Biol. 93, 693-717. 
[I51 Crowthe:, R. and Blow, D. (1967) Acta Crystalloyr. 23, 544. 
[I61 hitbllim. E. (1985) in: Methods ir. Enzymology, vol I I5 
(Wyckoll; H.W.. Him. C.W. and Timashcff, N. eds.) pp. 55-77. 
[I 71 Jones, T.A. (1978) J. Appl. Crystallog. I I, 268-272. 
[IS] Pllugrath, J., Saper, M. and Quiocho in: Methods and Applica- 
tion in Crystallographic Computing (Halls, S. and Ashiaku, T. 
eds.) p. 407. Clarendon Press, London. 
[I91 Brunger, A.. Kuriyan, 1. and Knrplus, M. (1987) Science 235, 
459-160. 
[?O] Jack, A. and Levitt, M. (1975) Acta Crystallog. A34. 931. 
1211 Luztiti. V. (I3521 Acta Crvst. 5. 802-810. 
i22j Marquirt. M., W&r, J., Deiseihofcr. J , Bode, W. and Hubcr, 
R. (1983) Acta Crystallog. B39. 480490. 
[23] Bode, W., Cireyling. H.J., Huber. R.. Otlervski, J. and Wilusr, T. 
(1989) FEBS tett. 242, 255-292. 
[24] Ramakrishnan, C. and Ramachandran, G.N. (1965) Biophys. J. 
5, 909-933. 
[25] TangYouqiclal.(l!X6)Acta Physico.ChimicaSinicd2. 195-198. 
146 
